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REMOVAL OF ENDOTOXIN USING
AMPHIPHILIC CORE-SHELL
NANOSORBENTS

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a continuation-in-part application of
U.S. patent application Ser. No. 12/359,393, filed Jan. 26,
2009, now U.S. Pat. No. 8,404,347 and claims benefit from
U.S. Provisional Application No. 61/356,115, filed Jun. 18,
2010. The entire content of both atorementioned applications
are incorporated herein by reference.

FIELD OF THE INVENTION

This invention relates to a method of removing endotoxin

from protein preparations. Particularly, it relates to a method
using amphiphilic core-shell nanosorbents for selective
removal of endotoxin from a protein mixture.

BACKGROUND OF THE

INVENTION

Endotoxin, a lipopolysaccharide (heremnafter “LPS”), 1s
originated from cell wall of most gram-negative bacteria
including E'scherichia coli, and often present 1in a large quan-
tity during protein production. Since the presence of a small
amount o endotoxin can cause severe inflammation and sep-
tic shock on animals, the LPS level of a protein drug shall be
lower than 10 EU/mL to ensure safe usage of the drug via
intravenous injection.

Current approaches to endotoxin reduction are mainly
based on electrostatic interaction between positively charged
adsorbents and negatively charged endotoxins. For examples,
filtration, 10n exchange chromatography, Triton X-114 phase
separation, cationic polymer adsorbents like histamine- or
histidine-immobilized Sepharose and dextran-coated par-
ticles are common methodologies. However, these methods
have poor selectivity 1n removing endotoxins from protein
solutions containing other acidic proteins such as bovine
serum albumin (BSA). The poor selectivity 1s due to the fact
that acidic proteins and endotoxins have the same negative
charges at neutral pH, thus adsorption through electrostatic
interaction cannot distinguish different acidic proteins,
resulting in a significant loss of the desirable acidic proteins.

In order to selectively remove only the LPS, but not other
proteins 1n a protein mixture, Milteny1 Biotech. has devel-
oped a type of magnetic particles that are coated with poly-
cationic ligands (detailed chemical compositions are not dis-
closed). It 1s claimed that the particles could selectively
adsorb LPS from BSA solution with the LPS removal effi-
ciency up to 99% and the BSA recovery of 96%. However,
such high selectivity can only be achieved at a relatively low
butfer strength (e.g. 0.1 M phosphate bufifer at pH 7) with a
specific butler type (phosphate butfer). For other butifer solu-
tions such as 1n SO0 mM Tris butler at pH 7, although high LPS
removal efficiency could still be attained, the protein recovery
1s substantially reduced to 67%. Another approach to achieve
selective removal of LPS 1s the use of polymyxin B-immobi-
lized column. Its selective property 1s attributed to the hydro-
phobic interaction between the lipid A and LPS molecules.
However, this method suflers from a significant protein loss
when a small sample volume 1s used. A microfiltration mem-
brane made of a Nylon immobilized with cationic ligands
such as polymyxin B, poly-L-lysine and poly(ethylenimine)
on its surface have also been used to selectively remove LPS.
Although the polymer-coated membranes can give a satisiac-
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2

tory adsorption capacity and show selectivity for endotoxins,
their good performance 1s restricted to low salt concentrations

(e.g. 0.02 M phosphate builer). In addition, the leakage prob-
lem of polymyxin B during LPS adsorption process 1s of a
serious concern because the polymyxin B 1s neuro- and neph-
rotoxic to mammals. Another concern for this method is the
filter blockage which 1s a common problem associated with
the use ol microfiltration membrane. Therefore, methodology
which can selectively and effectively remove endotoxins in
the presence of both acidic or basic protein solution under a
broad range of pH, salt concentration and type of builer
solution (e.g. 1xPBS, blood containing buifler) 1s still of a
great demand.

Chisso Corp. disclosed an adsorbent which 1s made of
polylysine-immobilized cellulose porous microspheres
(Chisso Corp.: Cellufine™ E'T clean). These adsorbents show
satisfactory LPS adsorption capacity and selectivity under
physiological bulfers (1onic strength from 0.1 to 0.5 M, pH 7).
The success of these materials contribute to two key features:
the presence of selective-endotoxin binding ligand polylysine
and the porous structure. The presence of porous structure
provides a large surface area and appropriate pore size to
selectivity adsorb and trap the LPS molecules since the endot-
oxins molecules are small enough to diffuse into the particle
pores, and retain 1nside the microspheres. The larger size
proteins are quickly eluted due to their sizes larger than the
exclusion limit of the microspheres pores. However, since the
porous cellulose microspheres are prepared by a random sus-
pension cross-linking method, their particle and pore sizes are
not uniform, resulting in poor reproducibility. In addition, this
method 1nvolves a multi-step surface modifications and the
use of expensive reagents such as polylysine. Another prob-
lem often encountered with the use of porous materials 1s the
slow LPS adsorption kinetics because LPS has to diffuse from
exterior environment nto the pores of the microspheres for
adsorption. Thus, the method 1s quite time-consuming (2 hour
incubation time 1s required for a batch method). When the
microspheres are packed into a column as an affinity chroma-
tography, slow tflow rate must be maintained (between 0.17
and 0.5 mlL/min) in order to achieve high removal efliciency
of the LPS.

Recently, Yuan et al. reported that adsorption capacity of
endotoxins could be increased almost 8 times at pH<7 when
using an adsorbent containing a ligand with hydroxyl group at
b position adjacent to quaternary ammonium 1on. The signifi-
cant improvement 1s attributed to the strong hydrogen bond-
ing between the hydrogen atom of phosphate group of the
endotoxin molecule and the oxygen atom of the 3-hydroxyl
group. The hydrogen bonding results 1n the formation of an
octatomic ring. However, this method only gives barely sat-
1sfactory LPS adsorption elliciencies due to the low grafting
density of the ligand on the adsorbent. In addition, the optimal
working pH for the LPS adsorption must be below pH 7, thus
limiting the scope of proteins.

Therefore, there remains a strong need for anew method of
endotoxin removal which overcomes the problems as
described above.

SUMMARY OF THE INVENTION

Accordingly, one object of the present invention 1s to pro-
vide a method which removes endotoxin from protein prepa-
rations with high selectivity and efficiency and operates in
both acidic or basic protein solutions under a broad range of
pH, salt concentration and type of butfer solution. The object
1s achieved with the use of amphiphilic core-shell nanosor-
bents having ability to selectively adsorb endotoxin mol-
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ecules 1n a protein mixture. While not intending to be bound
by any particular theory, 1t 1s believed that the nanosorbent
comprises a core of either vinylic polymer or both vinylic
polymer and magnetic nanoparticles, and a shell of cationic
water-soluble polymer containing f-hydroxyl group adjacent
to quaternary ammonium ion, as schematically shown in FIG.
1. The amphiphilic core-shell nanosorbent has a high endot-
ox1in binding ability which may attribute to various molecular
interactions such as hydrophobic and electrostatic interac-
tions as well as hydrogen bonding. The method of removal
endotoxin as described 1n the present invention mvolves 1cu-
bating the protein solution in the presence of nanosorbents,
tollowed by a magnetic separation or filtration. The purified
protein solution has very low endotoxin level, thus allowing,
for further process, analyze or even administrate to mammals
directly.

Preferably, the method of endotoxin removal according to
the present invention comprises the steps of (a) preparing a
plurality of core-shell nanoparticles; (b) adding the core-shell
nanoparticles into a protein preparation containing endot-
oxin; (¢) incubating the core-shell nanoparticles with the
protein preparation for a period of time; and (d) separating
nanoparticles from the protein preparation. The protein
preparation can be in any suitable buller as chosen by a person
of ordinary skill in the art. Examples of suitable buflers are
acetate bufler, sodium phosphate, TRIS, 1xPBS, etc. The
Electrolyte concentration of the protein preparation can be of
a wide range (preferably, 10 mM) and can be the same as the
physiological value. The protein preparation can also be of a
wide range 1n terms of pH values, such as from 3 to 10.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic representation of structure of mag-
netic core-shell nanosorbents used in the present invention.

FIG. 2 shows synthetic steps in making the magnetic core-
shell nanosorbents used in the present invention.

FIG. 3 1s a schematic diagram showing the procedure for
endotoxin removal using magnetic core-shell nanosorbents
according to the present invention.

DETAILED DESCRIPTION OF PARTICULAR
EMBODIMENTS OF THE INVENTION

Core-Shell Nanosorbents

The method of the present invention uses a type of core-
shell nanosorbents, which has been disclosed 1n the parent
application (U.S. patent application Ser. No. 12/359,393) The
amphiphilic core-shell nanosorbents have the ability to selec-
tively adsorb endotoxin molecules in a protein mixture. As
shown 1n FIG. 1, the nanosorbent comprises a core of either
vinylic polymer or both vinylic polymer and magnetic nano-
particles, and a shell of cationic water-soluble polymer con-
taining [3-hydroxyl group adjacent to quaternary ammonium
ion. The shell can selectively bind endotoxin molecules
through various tailor-made molecular interactions.

The core material used 1n this nanosorbent include a hydro-
phobic vinylic polymer such as poly(methyl methacrylate),
polysytrene, poly(n-butyl acrylate), and also a mixture of
vinylic polymer. The core can also be crosslinked hydrophilic
polymer such as poly(N-1sopropyl acrylamide). Magnetic
nanoparticles can be encapsulated into the hydrophobic core
for the purpose of subsequent separation of the nanosorbent
under magnetic field. The magnetic nanoparticle has a for-
mula of MO.Fe,O,, where M 1s 1ron, nickel, cobalt, manga-
nese, copper and platinum. In a preferred embodiment, the
core 1s composed of poly(methyl methacrylate) and
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4

maghemite nanoparticles. The cationic shell materials are
natural or synthetic water-soluble polymer containing [3-hy-
droxyl group adjacent to quaternary ammonium 10n.
Examples of the water-soluble polymers include N-acetyl
sugars such as chitosan, or other biopolymers and synthetic
amino-containing polymers such as polyethyleneimine, poly
(vinyl amine)-co-poly(vinyl alcohol) poly(vinyl amine)-co-
poly(acrylonitrile), etc. In the preferred embodiment, the
nitrogen containing compound used 1n the shell 1s made of
chitosan or a derivative thereof. The p-hydroxyl group adja-
cent to quaternary ammonium 1on can be itroduced onto the
water-soluble polymer by means of a covalent linkage.

The amphiphilic core-shell nanosorbents are not particu-
larly limited and may be in any forms of spherical porous
particle, immobilized onto membranes and gels. The
nanosorbents may also be 1n a magnetic- or non-magnetic
form. When the nanosorbents are in a non-magnetic form, the
nanosorbents can be separated from a protein solution using a
centrifugation and/or a membrane filtration. When the
nanosorbents are 1 a magnetic form, they can be separated
under a magnetic force or employing any of methods used to
remove non-magnetic nanosorbents cited above. In the pre-
ferred embodiment, spherical nanosorbents with magnetic
properties are used for a small volume (<10 mL) endotoxin
removal.

The method of producing magnetic core-shell nanosor-
bents 1s not particularly limited, and 1s disclosed 1n the parent
application (U.S. patent application Ser. No. 12/359,393).
The magnetic nanosorbents were synthesized via a hydrop-
ceroxide-induced grait polymerization of vinylic monomer(s)
from a water-soluble polymer containing amino groups in the
presence of vinyl-coated magnetic nanoparticles. The reac-
tion steps 1nclude: (1) Synthesis of citrate-coated magnetic
nanoparticles; (2) Surface modification of citrate-coated
nanoparticles to contain vinyl-coated surface; (3) Encapsula-
tion of vinyl-coated magnetic nanoparticles via hydroperox-
ide-induced grait polymerization of vinylic monomer(s) from
either a water-soluble polymer containing amino groups or a
water-soluble polymer containing both amino groups and
3-hydroxyl group adjacent to quaternary ammonium ion. The
magnetic core-shell nanosorbents produced using the method
have quite uniform size distribution (polydispersity <1.20),
and their particle sizes are ranging from 100 and 3500 nm.
However, other particle sizes may also be produced.

The method of producing [-hydroxyl group adjacent to
quaternary ammonium 1on on hydrophilic shell of water-
soluble polymer containing amino groups 1s by means of
covalent linkage. Primary amino groups of hydrophilic shell
1s converted using an epoxy compound as a reactive function
group, where the compound consists of a quaternary ammo-
nium group in a side chain thereot, such as glycidyl trimethyl
ammonium chloride. It 1s understood that such compound 1s
provided here as example, other compounds may also be used
to achieve satisfactory results.

A preferred example of this modification 1s described as
tollows: For a total of 250 mL of solution, 1.6 g of glycidyl
trimethyl ammonium chlornide (GTMAC) was added into a
250 mL of core-shell particle dispersion (0.25% w/w 1n
water) at 50-60° C. under N2 atmosphere. The resulting mix-
ture was continuously stirred at 80° C. for 2 hours under
nitrogen. After the reaction, the particle dispersion was puri-
fied by a repeated membrane filtration (using 100 nm pore
s1ze membrane) until the conductivity of the filtrate was close
to that of distilled water used.

A particular embodiment of making magnetic core-shell
nanosorbents comprises 4 steps as shown i FIG. 2 and
described as follows.
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Step 1: Synthesis of Citrate-Coated Magnetic Nanoparticle
FeCl,.4H,O (1.99 g) and anhydrous FeCl, (3.25 g) are
dissolved i water (20 mL) separately, and mixed under vig-
orous stirring. A NH_,OH solution (0.6 M, 200 mL) 1s then
added the stirring mixture at room temperature, immediately
tollowed by the addition of a concentrated NH,OH solution
(25 w/w %, 30 mL) to maintain the reaction pH between 11
and 12. The resulting black dispersion 1s continuously stirred
for 1 hour at room temperature and then heated to retlux for 1
hour to yield a brown dispersion. The magnetic nanoparticles
are then purified by a repeated centrifugation (3000-6000 rpm
for 20 min), decantation, and redispersion cycle for 3 times
until a stable brown magnetic dispersion 1s obtained. A total
of 100 mL of the y-Fe,O, nanoparticle dispersion (2.42 w/w
%) prepared as stated previously was acidified with a HNO,
solution (4 M, 100 mL) and then centrifuged at 3000 rpm to
collect the magnetic nanoparticles. The collected magnetic
nanoparticles were redispersed 1in water (200 mL), and the
dispersion was heated to reflux. Trisodium citrate dihydrate
(11.7 g) was then added, followed by heating the mixture for
1 hour under reflux to produce citrate-coated iron oxide nano-
particles. The brown dispersion was purified by dialysis (10
kDa molecular weight cutofl, Sigma-Aldrich) against water
with a daily change of water until the conductivity of water
was comparable to that of purified H,O used.
Step 2: Synthesis of Vinyl-Coated Magnetic Nanoparticle
The c-Fe, O, nanoparticles were first obtained as described
above. A layer of silica precursor 1s coated on the surface of
the c-Fe, O, nanoparticles by premixing a dispersion of the
purified citrate-coated nanoparticles (8.5 w/w %, 20 mL ) with
methanol (80mL) for 1 hour at40° C. Concentrated ammomia
solution (25 w/w %, 1.8 mL) 1s added and the resulting
mixture 1s stirred at 40° C. for 30 min. Subsequently, tetra-
cthyl orthosilicate (TEOS, 1.0 mL) 1s charged to the reaction
vessel and the mixture 1s continuously stirred for 24 hours.
Finally, 3-(trimethoxysilyl)propyl methacrylate (MPS, 5.3
ml.) 1s added and the mixture 1s allowed to react for 24 hours
to give vinyl-coated y-Fe,O, nanoparticles. The vinylic-
coated nanoparticles were collected by placing a permanent
magnet (4 Tesla) next to the container wall, followed by
discarding the solution. The collected magnetic nanoparticles
were redispersed in ethanol and the dispersion was trans-
ferred 1nto a dialysis tube (10 kDa molecular weight cutoft,
Sigma-Aldrich) and dialyzed against ethanol for 1 week with
a daily change of ethanol to remove the unreacted MPS,
TEOS, and NH;. The amounts of unreacted MPS molecules
removed through the dialysis were monitored with ultraviolet
(UV)measurements using a PerkinElmer UV-vis spectropho-
tometer (Lambda 35) at 203.5 nm. Finally, the purified dis-
persion was concentrated to a 10.0 w/w % solid content for
subsequent reactions.
Step 3: Synthesis of Magnetic Core-Shell (MCS) Particle
For a total of 25 mL of solution, 1 mL of vinylic coated
grama-phase 1ron oxide nanoparticle dispersion (10 w/w % 1n
cthanol) was mixed with ethanol and then with 22 mL of
chitosan solution containing 0.235 g of chitosan and 0.6 v/v %
acetic acid (99 w/w %), giving a final volume ratio of H,O/
cthanol of 12.5:1. The dispersion was then transierred into a
water-jacketed flask equipped with a thermometer, a con-
denser, a magnetic stirrer, and a mtrogen inlet. The dispersion
was purged with nitrogen and stirred at 80° C. prior to the
addition of MMA (0.6 g) and TBHP (final concentration was
0.1 mM). The resulting mixture was continuously stirred at
80° C. for 2 hours under nitrogen. After the reaction, the
particle dispersion was filtered to remove precipitates (if any)
generated during the polymerization. The MMA conversion
(cony %) was determined gravimetrically. The particle dis-
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persion was purified by a repeated centrifugation, decanta-
tion, and redispersion cycle until the conductivity of the
supernatant was close to that of distilled water used.
Step 4: Synthesis of Magnetic Core-Shell Nanosorbents

For a total of 250 mL of solution, 1.60 g of glycidyl trim-
cthyl ammonium chloride (GTMAC) was added into a 250

mL of magnetic core-shell particle dispersion (0.25% w/w 1n
water) at a rate of 0.25 mL per hour at 50-60° C. under N,
atmosphere. The resulting mixture was continuously stirred
at 80° C. for 2 hours under mitrogen. After the reaction, the
particle dispersion was purified by a repeated membrane {il-
tration (using 100 nm pore size membrane) until the conduc-
tivity of the filtrate was close to that of distilled water used.

Selective Endotoxin Removal Using Core-Shell Nanosor-

bents

The method of selectively removing endotoxin from an
endotoxin containing liquid by using the amphiphilic core-
shell nanosorbents 1n this invention 1s not particularly limited.
This method 1s particularly effective in removal of endotoxin
from a solution containing other proteins in physiological
builers such as phosphate butlered saline (PBS), or the buil-
ers used 1n the final step before intravenous injection. FIG. 3
shows a specific endotoxin removal method based on mag-
netic core-shell nanosorbents according the present invention
and 1t mvolves incubating the protein solution with the
nanosorbents under predetermined optimized conditions, fol-
lowed by a magnetic separation, and leaving the purified
protein solution. The protein solution collected has very low
endotoxin level, which can be directly used for further pro-
cess, analysis or even administration to mammals. Particular
embodiments of the method according to the present mnven-
tion are provided in the following.

Example 1
Characterization ol Endotoxin Adsorption

Each of the magnetic core-shell nanosorbents prepared in
the Examples were weighed, and dispersed 1n water. Their
final concentrations were all 0.55%. For a total of 2 mL
solution, 0.35 mL of above magnetic core-shell nanosorbents
having an average diameter of 150 nm was introduced into a
1 mL of sodium phosphate butfer (pH 6.9935, 20 mM). Then,
3 ng/mL E. coli-derived endotoxin (LPS manufactured by
Wako Pure Chemical Industries, Ltd.) was added thereto and
incubated at room temperature for 30 min. After incubation,
the mixture was subjected to a magnetic separation, collect-
ing the purified solution. Measurement of the endotoxin con-
centration of the treated solution was conducted using a Tac-
hypleusAmebocytelysate (TAL) assay (Zhanjiang A & C
biological Ltd.).

Experiments of magnetic core-shell nanosorbents on
endotoxin adsorption 1n other builer and pH solutions were
obtained 1n the same manner as 1 Example 1. Results on
adsorption efliciency and capacity are summarized in Table 1.
The nanosorbents showed high removal efficiencies (>98%)
of endotoxin in a broad pH range and in various builer agents.

TABLE 1
Endotoxin Adsorption Capacity in Various buffer and pH solutions
Endotoxin Endotoxin
Buffer/ pH Electrolyte removal capacity (EU/mg
reagent range concentration  efficiency (%)  of nanosorbents
4 10 mM 98.5-98.67% 1555-1557
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TABLE 1-continued

Endotoxin Adsorption Capacity in Various butfer and pH solutions

Endotoxin Endotoxin
Buffer/ pH Electrolyte removal capacity (EU/mg
reagent range concentration  efficiency (%)  of nanosorbents
Acetate 5 10 mM 98.17-98.33% 1550-15353
buffer 6 10 mM 98.3-98.5% 1553-15355
7 10 mM 99.17-99.33% 1566-1568
Sodium 8 10 mM 99.67-99.83% 1576-1577
phosphate
TRIS 9 10 mM 93.5-93.67% 1476-1479
1x PBS 7.2 1x 99.67-99.83% 1573-1576

Example 2
Process of Selective Removal of Endotoxin

For a total of 2 mL solution, 0.35 mL of magnetic core-
shell nanosorbents having an average diameter of 150 nm
were mtroduced mto a 0.2 mL of 10x phosphate buflered
saline (pH 7.2). Subsequently, 0.4 mL bovine serum albumin
(BSA, 5Smg/mL) followed by 3 ng/mL E. coli-derived endot-
oxin (LPS manufactured by Wako Pure Chemical Industries,
Ltd.) were added thereto. The mixture was then incubated at
room temperature for 30 min. After incubation, the mixture
was subjected to a magnetic separation. The purified solution
was collected. Measurement of the endotoxin concentration
of the resulting solution was conducted using a Tachyple-
usAmebocytelysate (TAL) assay, and protein concentration
was determined by a protein assay according to the Bradiord
method.

Experiments of the nanosorbents on endotoxin adsorption
in the presence of various protein mixtures were conducted 1n
the same manner as the above procedure. Results on adsorp-
tion eificiency and capacity are summarized in Table 2. The
nanosorbents showed high endotoxin adsorption (>98%), but
almost no protein adsorption (>>99% protein recovery) under
physiological buifer (1xPBS). This result indicates that the
nanosorbent can selectively remove endotoxin in the pres-
ence of even a negative protein.

TABLE 2

Selective Endotoxin Adsorption from Various Protein

Mixtures Using Magnetic Core-Shell Nanosorbents.
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can be modified 1n various ways within the scope of protec-
tion defined by the appended patent claims.

What 1s claimed 1s:

1. A method of selectively removing endotoxin from a
protein preparation, comprising the steps of:

(a) adding a plurality of core-shell nanoparticles to a pro-
tein preparation comprising endotoxin and a plurality of
proteins;

(b) incubating the core-shell nanoparticles with the protein
preparation thereby binding the majority of endotoxin to
the core-shell nanoparticles while not binding the major-
ity of the plurality of proteins to the core-shell nanopar-
ticles; and

(¢) separating the endotoxin bound to the core-shell nano-
particles from the plurality of proteins of the protein
preparation not bound to the core-shell nanoparticles;

wherein, at least 93.5% of the endotoxin 1s removed {from
the protein preparation.

2. The method of claim 1, wherein the protein preparation

1s 1n a builer and has a pH value between 3 and 10.

3. The method of claim 2, wherein the bufifer 1s selected
from the group consisting of acetate butter, sodium phosphate
butter, TRIS, and 1xPBS.

4. The method of claim 2, wherein the buifer 1s an acetate
buiter and the pH value 1s from 4 to 5.

5. The method of claim 2, wherein the butfer 1s a sodium
phosphate butler and the pH value 1s from 6 to 8.

6. The method of claim 2, wherein the buffer 1s TRIS and
the pH value 1s around 9.

7. The method of claim 2, wherein the buiter 1s 1xPBS and
the pH value 1s around 7.2.

8. The method of claim 1, wherein the protein preparation
has an electrolyte concentration between 5 mM to 15 mM.

9. The method of claim 8, wherein the electrolyte concen-
tration 1s about 10 mM.

10. The method of claim 1, wherein the protein preparation
has the same electrolyte concentration as that ol 1xPBS.

11. The method of claim 1, wherein the protein preparation
comprises a protein which has an 1soelectric point between 4

and 11.

Initial
amount of adsorption

Isoelectric Protein conc. endotoxin  capacity
Protein pownt (pI) Buffer (mg/mL) unit (EU/mg)
BSA 4.7 1x 1.0 3000 1566-156%8
PBS
Human 9.3 1x 0.09 3000-4000 1573-1576
Arginase PBS
Lyzozyme 10.7 1x 1.0 3000 1555-1558%
PBS

While there have been described and pointed out funda-
mental novel features of the mvention as applied to a pre-
ferred embodiment thereot, it will be understood that various
omissions and substitutions and changes, 1n the form and
details of the embodiments illustrated, may be made by those
skilled 1n the art without departing from the spirit of the
invention. The mvention 1s not limited by the embodiments
described above which are presented as examples only but

Endotoxin
Removal

(%0)
99.0-99.2

99.7-99.8

98.5-98.67

60

65

Protein
recovery

(%0)
>99

=99

=99

12. The method of claim 1, wherein the core-shell nano-
particles are magnetic and wherein step (¢) 1s conducted by a
magnetic force.

13. The method of claim 1, wherein the core-shell nano-
particles are non-magnetic and wherein step (¢) 1s conducted
by filtration or by centrifugation.

14. The method of claim 1, wherein at least 98% of the
endotoxin 1s removed from the protein preparation.
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15. The method of claim 1, wherein at least 99% of the
plurality of proteins do not bind to the core-shell nanopar-
ticles.

16. The method of claim 1, wherein the core-shell nano-
particles comprise a core of a vinylic polymer or of a vinylic
polymer and a magnetic particle.

17. The method of claim 16, wherein the vinylic polymer i1s
selected from the group consisting of poly(methyl methacry-
late), polystyrene, poly(n-butyl acrylate) and combinations
thereof.

18. The method of claim 16, wherein the magnetic nano-
particle has a formula of MOFe,O,, wherein M 1s selected
from the group consisting of 1ron, nickel, cobalt, manganese,
copper and platinum.

19. The method of claim 17, wherein the core comprises
poly(methyl methacrylate) and maghemite nanoparticles.

20. The method of claim 1, wherein the core-shell nano-
particles comprise a shell of a cationic water-soluble polymer.

21. The method of claim 20, wherein the cationic water-

10

15

soluble polymer comprises a 3-hydroxyl group adjacent to a 20

quaternary ammonium 101n.
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